Abstract Platyrrhine (New World) monkeys possess highly polymorphic color vision owing to allelic variation of the single-locus L/M opsin gene on the X chromosome. Most species consist of female trichromats and female and male dichromats. Howlers (genus Alouatta) are an exception; they are considered to be routinely trichromatic with L and M opsin genes juxtaposed on the X chromosome, as seen in catarrhine primates (Old World monkeys, apes, and humans). Yet it is not known whether trichromacy is invariable in howlers. We examined L/M opsin variation in wild howler populations in Costa Rica and Nicaragua (Alouatta palliata) and Belize (A. pigra), using fecal DNA. We surveyed exon 5 sequences (containing the diagnostic 277th and 285th residues for λ max ) for 8 and 18 X chromosomes from Alouatta palliata and A. pigra, respectively. The wavelengths of maximal absorption (λ max ) of the reconstituted L and M opsin photopigments were 564 nm and 532 nm, respectively, in both species. We found one M-L hybrid sequence with a recombinant 277/285 haplotype in Alouatta palliata and two L-M hybrid sequences in A. pigra. The λ max values of the reconstituted hybrid Int J Primatol (2014) photopigments were in the range of 546~554 nm, which should result in trichromat phenotypes comparable to those found in other New World monkey species. Our finding of color vision variation due to high frequencies of L/M hybrid opsin genes in howlers challenges the current view that howlers are routine and uniform trichromats. These results deepen our understanding of the evolutionary significance of color vision polymorphisms and routine trichromacy and emphasize the need for further assessment of opsin gene variation as well as behavioral differences among subtypes of trichromacy.
Introduction
Primates are unique among the placental mammals in having trichromatic color vision (Jacobs 2008) . This is achieved by the presence of two subtypes of the Xchromosomal long to middle wavelength-sensitive (L/M) opsin genes in addition to an autosomal short wavelength sensitive (S) opsin gene. In catarrhine primates (Old World monkeys, apes, and humans), the two subtypes, L and M opsin genes, are juxtaposed on the X chromosome. Therefore, not only females but also males with a single X chromosome have both L and M opsin genes and are thus capable of trichromatic color vision. However, in most species of platyrrhine primates (New World monkeys), subtypes of the L/M opsin are provided by allelic variation of a single-locus L/M opsin gene on the X chromosome, rendering females either trichromatic or dichromatic and males dichromatic.
Howlers (Alouatta) are an exception among New World monkeys in having both an L and an M opsin gene on the same X chromosome (Jacobs et al. 1996) . This gene rearrangement is thought to have occurred independently from the similar gene rearrangement in catarrhine primates because of distinct localization patterns of a cis regulatory region, known as the locus control region (LCR) (Dulai et al. 1999) . In the case of catarrhine L/M opsin genes, a single LCR is situated upstream of the L/M opsin gene array and controls expression of both L and M opsin genes, whereas in howlers the LCR is situated upstream of each of the L and M opsin genes. An electrophysiological study has confirmed that both L and M opsins contribute to the electroretinogram (ERG) response, i.e., gross electrical activity of the retina to light stimuli, in male and female howlers, indicating that both genes are expressed in both sexes (Jacobs et al. 1996) . This ERG result also suggests that the L and M opsins of howlers have spectral sensitivities similar to those of the L and M opsins of catarrhine primates, i.e., λ max at about 562 and 530 nm (Jacobs et al. 1996) . In a behavioral experiment, both male and female howlers were able to distinguish color hues that are difficult for dichromats to distinguish (Araujo et al. 2008) . Based on these observations, howlers are considered to have evolved their "routine" trichromacy independently from catarrhine primates (Jacobs 2008) .
What is not known, however, is whether trichromacy in howlers is as invariable as in nonhuman catarrhine primates. The loss of an L or M opsin gene and gain of L/M hybrid genes are major causes of color vision variation in humans, i.e., dichromacy and anomalous trichromacy, respectively (Deeb 2005) , but are rarely found in other catarrhine primates (Hanazawa et al. 2001; Hiwatashi et al. 2011; Jacobs and Williams 2001; Onishi et al. 1999 Onishi et al. , 2002 Saito et al. 2003; Terao et al. 2005; Verrelli et al. 2008) . If normal trichromacy leads to greater reproductive success, the incidence of dichromacy and anomalous trichromacy should be rare in howler populations. It follows that polymorphic color vision in most New World monkeys may be regarded as an intermediate stage of primate evolution from dichromacy to trichromacy, and if a gene rearrangement juxtaposing the L and M opsin genes occurs, it will quickly spread through population due to natural selection (Bowmaker et al. 1987; Jacobs et al. 1996) . But if normal trichromacy is not always more adaptive than dichromacy and/or anomalous trichromacy, it would not be surprising to find these variants in howler populations arising by the relaxation of selective constraints maintaining normal trichromacy, or possibly by some selective advantage to the variants (Kawamura et al. 2012) .
Thus, the examination of L/M opsin genetic variation in wild howler populations is of profound importance in our understanding of the evolution of both color vision polymorphism in platyrrhine primates, and routine and normal trichromacy in catarrhine primates. Here we contribute to this effort by examining the opsin genes of two species of wild howlers from diverse regions of Central America.
Methods

Sample Collection and DNA Extraction
The focal individuals are mantled howlers (Alouatta palliata) in Costa Rica (Santa Rosa Sector of the Área de Conservación Guanacaste) and Nicaragua (Maderas Rainforest Conservancy Biological Station, Ometepe), and Guatemalan (or Yucatan) black howlers (A. pigra) in Belize (Monkey River) (Table I) . We collected fecal samples from 2009 to 2011 from one (CG), three (BE, PI, and VI) and five (AB, BR, CO, GR, and QU) social groups in Santa Rosa, Ometepe, and Monkey River, respectively (Table I) . Because of the difficulty of individual identification, we did not genotype entire social groups. Rather, we analyzed one to three distinguishable individuals from each group.
We collected fecal samples using sterile cotton swabs and suspended the samples in 5 ml of ASL lysis buffer (QIAamp DNA Stool Mini Kit; Qiagen, Crawley, U.K.), prealiquoted in sterile 15-ml screw-capped plastic vials. Collectors wore a mask and plastic gloves to minimize the chance of contamination by humans. We stored the samples at ambient temperature until being shipped to Japan for extraction. We extracted DNA from fecal samples using the QIAamp DNA Stool Mini Kit following Hiramatsu et al. (2005) .
The research and the sample export were permitted by Área de Conservación Guanacaste and the Ministerio de Ambiente y Energía (MINAE) of Costa Rica, the Maderas Rainforest Conservancy and the Molina family on Ometepe Island in Nicaragua, and local land owners in Monkey River, the Monkey River Tour Guide Association, and the Forest Department of Belize.
Determination of Entire Coding Sequence of L/M Opsin Genes
On the basis of the quantity of DNA recovered from fecal samples, we chose three individuals each of Alouatta palliata and A. pigra (IDs boldfaced in Table I) for nucleotide sequencing for all of the six protein-coding exons of the L/M opsin genes. We amplified the six exons from fecal DNA via polymerase chain reaction (PCR), using primers listed in Table SI . We designed these primers to obtain both L and M opsin sequences simultaneously by choosing noncoding regions conserved among L/M opsin genes of red howlers (Alouatta seniculus), spider monkeys (Ateles geoffroyi), and capuchins (Cebus capusinus) (Boissinot et al. 1997; Dulai et al. 1999; Hiwatashi et al. 2010) .
We sequenced the intron 2 to determine the nucleotide haplotypes encompassing exon 2 through exon 3 in one of the three Alouatta palliata (CG-17) by "primer walking" with a series of overlapping PCR amplifications (Table SII and Fig. 1 ). We designed PCR primers to obtain both L and M opsin sequences simultaneously as we did with the exon PCRs. We took one primer sequence from the region where we determined the sequence for Alouatta palliata in this study (Table SII) , and we designed the other primer from conserved sequence regions of 1) spider monkeys (Hiwatashi et al. 2010) , 2) human genome project (GenBank accession nos. Z68193 and AC092402), and 3) the common marmoset (Callithrix jacchus) genome project [Ensembl Marmoset release 70, Genome assembly C_jacchus3.2.1 (GCA 000004665.1), X: 140700397~140702962].
We carried out PCRs in volumes of 50 μl containing 1.5 units of Ex Taq polymerase hot start version (Takara Biotechnology Co., Tokyo, Japan) with 1× Ex Taq buffer, 0.2 mM dNTPs, 2.0 mM MgCl 2 , 1 μM forward and reverse primers, and 5 μl of the DNA extract from feces. We set cycles at 94°C for 5 min followed by 40 cycles at 94°C for 30 s, at the annealing temperature indicated in Tables SI and SII for 30 s, and at 72°C for 30 s. Pure water was used as the template for the negative control in every reaction. We purified the amplified DNA fragments using UltraClean 15 DNA Purification Kit (MO BIO Laboratories, Inc., Carlsbad, CA). We directly sequenced both strands of the purified DNA samples using Applied Biosystems model 3130 automatic sequencer with Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems Japan, Tokyo) and the PCR primers. We conducted the cycle sequencing reaction at 94°C for 5 min followed by 40 cycles at 94°C for 30 s, at 62°C for 30 s, and at 72°C for 2 min.
To determine the nucleotide haplotypes and distinguish sequences into L and M opsin types, we subjected the PCR-amplified DNA fragments to DNA cloning for all exons and intron 2 using pGEM-T vectors (Promega, Madison, WI). We sequenced them as described in the preceding text. We confirmed their nucleotide sequences by multiple PCR experiments. We distinguished L and M opsin sequences in exons 3, 4, and 5 according to the published sequences of Alouatta seniculus (Boissinot et al. 1997 (Boissinot et al. , 1998 . We distinguished the two sequences of exon 2 in Alouatta palliata by haplotype extension from the exon 3 sequences based on primer walking. We distinguished the exon 2 sequences in Alouatta pigra according to their nucleotide similarity to the corresponding L and M sequences in A. palliata.
Phylogenetic Analysis
We estimated the number of nucleotide substitutions per site (d) for two sequences by the Jukes-Cantor method, and reconstructed the phylogenetic tree by applying the neighbor-joining method to the d values using the MEGA5 (Nei and Kumar 2000; Tamura et al. 2011) . We evaluated the reliability of the tree topology by bootstrap analysis with 1000 replications.
"Three-Sites" Rule and Survey of the Exon 5 Sequence
The λ max value of primate L/M opsins can be estimated from the residue composition at the 180th, 277th, and 285th amino acid sites ("three-sites" rule) (Hiramatsu et al. 2004; Neitz et al. 1991; Radlwimmer 1998, 2001; Yokoyama et al. 2008) . The 180th site is encoded in exon 3 and the 277th and 285th sites are encoded in exon 5. Amino acid changes from L to M types at the three sites, from Ser to Ala at site 180 (denoted Ser180Ala), Tyr277Phe, and Thr285Ala, are expected to cause -5, -10, and -17 nm shifts of λ max , respectively (Yokoyama et al. 2008) . Thus, the amino acids at the 277th and 285th sites explain the majority of the λ max difference between the L and M opsins. To describe the spectral variation of the L/M opsin genes in the howler populations, we surveyed exon 5 by PCR for all individuals in Table I , using the primer set for exon 5 (Table SI) under the same conditions described in the preceding text. We cloned and sequenced PCR-amplified DNA fragments as described to determine the 277/285 haplotypes. For males with recombinant 277/285 haplotypes, we further examined exon 3 using the primer set for exon 3 (Table SI) .
Reconstitution of L/M Opsin Photopigments
We chemically synthesized DNA segments with the coding nucleotide sequences of the L and M opsin genes of Alouatta palliata and cloned them to vectors (Hokkaido System Science Co., Sapporo, Japan). We modified these clones so as to encode the same amino acid sequence of the M opsin of Alouatta pigra and a series of L/M hybrid opsins by site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis Kit (Stratagene Japan, Tokyo). We sequenced all mutagenized DNAs to confirm that no spurious mutations were incorporated. We cloned the opsin-coding DNAs into the pMT5 expression vector (Khorana et al. 1988) and transfected the clone into cultured COS-1 cells (RIKEN Cell Bank, Tsukuba, Japan). We incubated cells with 5 μM 11-cis retinal (Storm Eye Institute, Medical University of South Carolina, Charleston) and solubilized cells with 1% dodecyl maltoside. We purified the reconstituted photopigments using immobilized 1D4 antibody (University of British Columbia, Vancouver), as previously described (Hiramatsu et al. 2004; Kawamura and Yokoyama 1998) . We recorded absorption spectra of the photopigments in 0.5-nm intervals, from 250 to 650 nm, using the U3010 dual beam spectrometer (Hitachi High-Technologies, Tokyo, Japan) at 20°C. We measured absorption spectra five times under dark conditions (dark absorption spectra). We measured five more times after exposing photopigments to a 60-watt room lamp light for 3 min (light absorption spectra) using Kodak Wratten Gelatin Filter No. 3, which cuts off wavelengths shorter than 440 nm. We subtracted the light absorption spectra from the dark absorption spectra to obtain the dark-light difference absorption spectra, with a negative peak at ca. 380 nm. The negative peak is caused by photoisomerization of 11-cis retinal to all-trans retinal, and its appearance is evidence of photosensitivity of the reconstructed opsins. We analyzed recorded spectra using UV Solution software (Hitachi High-Technologies).
Results
Determination of Entire Coding Sequence of L/M Opsin Genes
From the three individuals of Alouatta palliata and three of A. pigra for which we examined the entire coding sequences of the L/M opsin genes (Table I) , we detected only one sequence for exons 1 and 6, and only two sequences for exons 2, 3, and 4 in each species after the cloning of PCR-amplified DNA fragments. We also detected two sequences for exon 5 in each species, except for one female of Alouatta palliata (CG-17) wherein we found an additional sequence. The entire coding sequences of the L and M opsin genes of the two species are shown in Fig. S1 , together with the sequences of exons 3, 4, and 5 of Alouatta seniculus (the third exon 5 sequence from CG-17 is not included in Fig. S1 ). Between Alouatta palliata and A. pigra, the nucleotide sequences of the L opsin genes were identical, whereas the M opsin genes differed at two synonymous and one nonsynonymous sites (Fig. S1 ). We deposited these sequences in the DDBJ/EMBL/GenBank Data Libraries under accession nos. AB809459 (Alouatta palliata L opsin), AB809460 (A. palliata M opsin), AB809461 (A. pigra L opsin) and AB809462 (A. pigra M opsin).
In the phylogenetic tree reconstructed with other New World monkeys (Fig. 2) , the L/M opsin gene sequences of Alouatta palliata and A. pigra clustered with the corresponding gene types of A. seniculus, demonstrating that the collected DNA sequences were indeed those of the study animals and were not the result of contamination. Within the Alouatta clade, A. seniculus was located outside of A. palliata and A. pigra in both L and M opsin genes. This is consistent with current knowledge of the phylogenetic relationships among Alouatta species (Cortes-Ortiz et al. 2003; Villalobos et al. 2004 ).
Survey of the Exon 5 Sequence
The third exon 5 sequence detected in one individual of Alouatta palliata (CG-17) was an M-L hybrid sequence with a recombinant 277/285 haplotype, Phe/Thr (Apa_ML in Fig. 3) , between a normal L haplotype Tyr/Thr (Apa_L in Fig. 3 ) and a normal M haplotype Phe/Ala (Apa_M in Fig. 3) . By extending the survey of the exon 5 sequence to all the other individuals in Table I , we examined a total of 26 X chromosomes from Alouatta palliata (N = 8) and A. pigra (N = 18). We found one male Alouatta pigra (CO-03) to possess an L-M hybrid sequence with a recombinant 277/285 haplotype, Tyr/Ala (Api_LM in Fig. 3 ). CO-03 also had Api_M but no normal L haplotype sequence (Table I) . We also found the Api_LM exon 5 sequence in a female Alouatta pigra (AB-01) wherein we found Api_M together with an L haplotype sequence that contained M-type nucleotides at codons 274 and 275 (Api_L' in Fig. 3 , Table I ). We found this Api_L' sequence in another male Alouatta pigra (BR-06) with Api_M (Table I) CO-03 and BR-06, we found both L and M types of codons, encoding Ser and Ala, respectively, at site 180 in both individuals (data not shown). Assuming that the M type exon 3 sequences are from their Api_M, the L type exon 3 should be from Api_LM in CO-03 and Api_L' in BR-06. In the repeated PCR and cloning experiments, we observed the recombinant exon 5 sequences (Apa_ML, Api_LM and Api_L') from these individuals, but never detected recombinants in the others. There was no additional sequence detected in our survey and there were no insertion/deletion or nonsense nucleotide changes in the exons we sequenced. Thus, we did not find evidence that the howlers have any L/M opsin pseudogenes.
Absorption Spectra
We reconstituted the L opsin photopigment common to Alouatta palliata and A. pigra and the M opsin photopigment for each of the two species. The λ max of the L opsin was 564 nm, and the M opsin was 532 nm for both species (Fig. 4) . These values are close to previous estimates for the L and M opsins of Alouatta caraya and A. seniculus based on ERG measurements (562 and 530 nm for L and M opsins, respectively) (Jacobs et al. 1996) . They are also concordant with predictions from the "three-sites" rule for the amino acid composition at sites 180, 277, and 285 (Ser/Tyr/Thr in L and Ala/Phe/Ala in M) for primate L/M opsins (560 and 532 nm, respectively) (Hiramatsu et al. 2004; Yokoyama et al. 2008) . Because the exon 3 sequence of Apa_ML was unknown, we synthesized two Apa_ML photopigments: one with Ser at site 180 (L-type exon 3) by introduction of Tyr277Phe into the L opsin expression construct common to Alouatta palliata and A. pigra, and the second with Ala at site 180 (M-type exon 3) by introducing Ala285Thr into the Apa_M. The λ max value of the former was 554 nm and the latter was 547 nm (Fig. 5a) . The former is similar to an L/M opsin allele of a callitrichine [common marmoset at 553 nm (Kawamura et al. 2001) ] and an ateline [spider monkey at 553 nm (Hiramatsu et al. 2008) ], whereas the latter is similar to an L/M opsin allele of cebines [squirrel monkey at 545 nm (Hiramatsu et al. 2004 ) and capuchin at 543 nm (Hiramatsu et al. 2005) ], measured by the same method. Because the exon 3 sequence of Api_LM was determined to be the L type, we introduced the Thr285Ala mutation into the common L opsin expression construct for reconstruction of the Api_LM photopigment. The λ max was similar to the L/M opsin allele of cebines, at 546 nm (Fig. 5b) .
Discussion
The λ max values of the reconstituted L and M opsin photopigments of the two howler species were 564 nm and 532 nm, respectively. This is equivalent to those found in catarrhine primates. We surveyed the exon 5 sequences encoding the diagnostic 277th and 285th residues for λ max for 8 and 18 X chromosomes from Alouatta palliata and A. pigra, respectively. We found one M-L hybrid sequence with a recombinant 277/285 haplotype Phe/Thr in Alouatta palliata and two L-M hybrid sequences with a recombinant haplotype Tyr/Ala in A. pigra. We also reconstituted the hybrid photopigments and showed that the λ max of the M-L hybrid opsin of Alouatta palliata was either 554 nm or 547 nm, and that of the L-M hybrid opsin of A. pigra was 546 nm. These are similar to the λ max values observed in polymorphic alleles of single-locus L/M opsins in other New World monkeys. Assuming that the Alouatta palliata CG-17 (Table I) has the normal L (Apa_L) and the normal M (Apa_M) opsin genes on one X chromosome, as inferred from the other individuals of A. palliata, the M-L hybrid Apa_ML gene must reside on the other X chromosome with either Apa_L or Apa_M. However, the use of fecal DNA is problematic for estimating the linked gene type to Apa_ML, based on the difference of amplitude by PCR between Apa_L and Apa_M. Determination of the exon 3 sequence of Apa_ML by overlapping PCR is also improbable because we have not completed primer walking from exon 3 to exon 5, while distinguishing two genes, using fecal DNA. We will continue sampling populations of Alouatta palliata, in the hope of finding a male individual that possesses Apa_ML to determine the linked gene type to Apa_ML and the exon 3 sequence of Apa_ML, as in the case of Api_LM in A. pigra. Despite this, we are still able to determine a possible range of spectral separation between Apa_ML and the other L/M opsin in those males carrying them, based on the absorption spectra of their photopigments (Figs. 4 and 5a) .
The spectral separation of λ max between Apa_ML and a normal L or M opsin could range from 10 nm (554 nm λ max of Apa_ML and 564 nm λ max of Apa_L), 15 nm (547 nm λ max of Apa_ML and 532 nm λ max of Apa_M), 17 nm (547 nm λ max of Apa_ML and 564 nm λ max of Apa_L), or 22 nm (554 nm λ max of Apa_ML and 532 nm λ max of Apa_M). In Alouatta pigra, we found Api_LM in a male with Api_M (CO-03 in Table I ), and its λ max was 546 nm (Fig. 5b) . Thus, in males carrying this X chromosome, the spectral separation between the two X-linked opsins is 14 nm. These ranges of spectral separation are comparable to those observed in trichromatic females carrying an intermediate-λ max allele of the single-locus triallelic L/M opsin gene in other New World monkey species (Hiramatsu et al. 2004 (Hiramatsu et al. , 2005 Kawamura et al. 2001) and trichromatic spider monkey females with a unique diallelic L/M opsin gene (Hiramatsu et al. 2008) . These ranges also overlap with those observed in human anomalous trichromacy, wherein spectral separation is up to 12 nm in deuteranomaly (trichromatic color vision based on S, L, and an anomalous L-like photoreceptor) and up to 7 nm in protanomaly (based on S, M, and an anomalous M-like photoreceptor), but are larger overall (Deeb 2006) . Thus, the anomalous trichromacy in howlers would be comparable to less severe anomalous phenotypes of human trichromats.
Amino acid changes Tyr277Phe and Thr285Ala are expected to cause larger spectral shifts to L/M opsins (-10 nm and -17 nm, respectively) than Ser180Ala (-5 nm) (Yokoyama et al. 2008) . Thus, introduction of amino acid changes at 277 or 285 site would be subjected to more severe purifying natural selection than changes at 180. Indeed, in the case of human L/M opsin genes, the recombinant haplotype within exon 5 (between sites 277 and 285) is rare (Hayashi et al. 2006) and recombinant haplotypes are mainly between exon 3 (encoding the site 180) and exon 5 (Deeb 2005) . In humans, the frequencies of protanomaly and deutanomaly by the aforementioned L/M hybrid opsins are ca. 1% and 4-5% in males, respectively, and the frequency of red-green color vision defects, including dichromacy and anomalous trichromacy, is ca. 4-8% in males of various geographic origins (Birch 2012; Deeb 2005) . In nonhuman catarrhine primates, even the recombinant haplotype between exon 3 and exon 5 is reported to be absent or rare (Hanazawa et al. 2001; Hiwatashi et al. 2011; Jacobs and Williams 2001; Onishi et al. 1999 Onishi et al. , 2002 Saito et al. 2003; Terao et al. 2005; Verrelli et al. 2008) . The frequency of L/M hybrid opsin genes in our samples of howlers was 12.5% (1 of 8 X chromosomes) in Alouatta palliata and 11.1% (2 of 18) in A. pigra. The high frequency of L/M hybrid opsins and their characteristic recombination between sites 277 and 285 contrasts greatly with catarrhine primates.
Further studies need to be conducted with larger sample sizes to determine the frequency of recombinant haplotypes, not only within exon 5 but also between exon 3 and exon 5. In addition, larger sample sizes should be surveyed to determine whether dichromacy (absence of one of the two L/M opsin genes on an X chromosome) occurs in howlers. Our study species are limited to the howlers inhabiting Central America. Further study of other howler species in South America is necessary to draw more general conclusions. However, our finding of high frequencies of different forms of L/M hybrid opsin genes in two howler species could imply a high prevalence of hybrid L/M opsins in other howler species. This finding challenges the current view that howlers, like nonhuman catarrhine primates, are routine and possibly uniform trichromats (Jacobs et al. 1996) .
In humans, production of hybrid L/M opsin genes and deletion of L or M opsin gene are caused by unequal meiotic recombination and gene conversion (Deeb 2005; Shyue et al. 1994; Winderickx et al. 1993) . Gene conversion replaces the nucleotide sequence of a part of one gene with the corresponding sequence of the other and lowers the local nucleotide difference between the two genes. A similar process could have created the hybrid opsin genes in howlers, although the juxtaposition of the L and M opsin genes in howlers occurred separately from the ancestor of the catarrhine primates as it not accompanied by duplication of LCR (Dulai et al. 1999) . Introns are less susceptible to purifying selection than exons and are likely to represent better the occurrence of gene conversion. In our preliminary analysis of nucleotide difference between L and M opsin genes in introns, the nucleotide difference was higher in howler monkeys (Alouatta palliata) (1.0~1.8%; introns 2-4) than in human (0~0.3%; introns 1-5), chimpanzee (0.3%; intron 4) (Zhou and Li 1996) , gibbon (1.0%; introns 3-4) (Hiwatashi et al. 2011) , and baboon (0.9%; intron 4) (Zhou and Li 1996) . This could infer a lower L-M geneconversion rate in howlers than in catarrhine primates. Thus, the higher frequency of hybrid opsins in howlers could be attributed to other factors such as severity of selection. However, more detailed and comprehensive analysis of nucleotide sequence data is necessary to draw any conclusions on the difference of recombination/gene-conversion rate between howlers and catarrhine primates.
We found different trichromat phenotypes in howlers. Trichromacy in general is thought to be advantageous over dichromacy for detecting objects in red-green chromaticity that differ from the background foliage, especially from a long distance, most notably mature fruits, young leaves, pelage, and skin (Allen 1879; Bompas et al. 2013; Changizi et al. 2006; Dominy and Lucas 2001; Fernandez and Morris 2007; Lucas et al. 1998 Lucas et al. , 2003 Regan et al. 1998 Regan et al. , 2001 Mollon 2000, 2003; Surridge et al. 2003; Vorobyev 2004) . Dichromacy, on the other hand, is advantageous in some visual tasks such as defeating cryptic coloration, motion detection, and foraging on surface-dwelling insects (Caine et al. 2010; Melin et al. 2007 Melin et al. , 2010 Morgan et al. 1992; Saito et al. 2005b) . In comparison, less is known about the relative abilities of different trichromat phenotypes. A rare protanomalous chimpanzee with a hybrid "R4G5" opsin (λ max at 538 nm) and a normal M opsin (λ max at 530 nm) was shown to be severely impaired in red-green chromatic discrimination, as were humans with protanomaly or deutanomaly (Saito et al. 2003) , whereas anomalous trichromatic capuchins with a wider spectral separation of L/M opsin alleles (λ max at 545 nm and 530 nm) were successful in discriminating stimuli using Ishihara pseudo-isochromatic plates (Saito et al. 2005a) . Conversely, in discriminating color-camouflaged stimuli, the chimpanzee performed as well as dichromats, whereas the capuchins were inferior to dichromats (Saito et al. 2005b) . In a study of fig foraging behavior of free-ranging capuchins, trichromat monkeys with the most spectrally separated L/M opsin alleles ("normal" trichromats) showed the highest acceptance index for conspicuous figs, compared with anomalous trichromatic and dichromatic group mates, although there were no differences in feeding rates among phenotypes (Melin et al. 2009 ).
In nonhuman catarrhine primates, even mildly anomalous trichromats have not been found. This suggests that, at least in nonhuman catarrhine primates, mildly color-deficient phenotypes also suffer from some selective disadvantage. The higher frequency of anomalous trichromacy in howlers implies that the selective pressure to maintain "normal" trichromacy is lower in the Neotropics. However, in New World monkey species with polymorphic color vision, genetic studies have shown that the spectrally different alleles of the L/M opsin gene are actively maintained by balancing selection (Boissinot et al. 1998; Hiwatashi et al. 2010; Surridge and Mundy 2002) . It is still an open question whether the selection is for 1) simply maintaining heterozygotes of L/M opsin alleles, i.e., trichromacy per se; 2) dichromacy and trichromacy; or 3) subtypic variation in dichromacy and/or trichromacy. It is known that normal trichromacy impedes some achromatic visual tasks such as breaking camouflage and motion detection, especially under low-light conditions (Kelber et al. 2003; Morgan et al. 1992; Perini et al. 2009 ). Further studies of howlers' visual behaviors and the genetics of the L/M opsin variation will be beneficial in determining whether mildly anomalous trichromacy is more advantageous than normal trichromacy in achromatic tasks while maintaining the advantage in chromatic tasks, relative to dichromacy.
Whether or not the anomalous trichromacy in howlers has any selective advantage, its presence indicates that uniform and normal trichromacy is not necessarily the optimum result of color vision evolution in wild primates. It is still an open question as to whether the difference between nonhuman catarrhines (uniform trichromacy) and platyrrhines (polymorphic color vision) is attributable to a 1) biogeographic differences among continents, e.g., the severity of seasonality, or a prevalence of drably colored fruits and asynchronous species, e.g., figs and palm fruits ; 2) dietary variability, e.g., degree of dependence on insects, leaves, or colorful fruits and different food patch sizes (see Melin et al., 2013) ; 3) variation in social color signals (Changizi et al. 2006; Fernandez and Morris 2007) . Further population-level studies of the L/M opsin genes and field observations of visual behaviors of howlers are important for elucidating the evolutionary forces acting on color vision polymorphism in platyrrhine primates and routine and normal trichromacy in catarrhine primates.
